Monoclonal antibodies (MoAbs) to the eosinophil cytotoxicity-enhancing factor (ECEF) were used to detect ECEF in U937 cells before and after phorbol ester (PMAI-induced differentiation into ECEF-secreting macrophages. Membrane-associated ECEF (mECEF), apparently an integral membrane component, is found in U937 cells and in 70% of monocytes and, at lower levels, on blood T lymphocytes.
T (ECEF)
, which enhances antibody-dependent eosinophi1 cytotoxicity,' is made by monocytes and concanavalin A-activated T cells, as well as by U937 histiocytic lymphoma cells after induction of differentiation by phorbol myristate acetate (PMA).2 ECEF regulates a broad range of granulocyte functions, including the synthesis of lipoxygenase derivatives of arachidonic acid (AA) by eosinophils and ne~trophils,~ perhaps by stimulating phospholipase A2 and/ or inhibiting AA re-uptake and reacylation. Enhancement of synthesis of proinflammatory eicosanoids may be physiologically relevant, as there is evidence for regulation of ECEF production in monocyte cultures in a way that correlates with in vivo inflammatory activity.' In order to define the relationship between macrophage differentiation and the ability to secrete ECEF, we have used specific anti-ECEF monoclonal antibodies (MoAbs) and U937 cells, which acquire the biochemical and morphologic characteristics of mature macrophages upon stimulation with retinoic acid, interferon, and PMA. Differentiated U937 cells adhere to plastic, spread, present macrophage morphology, and secrete cytokines, and, therefore, represent a convenient model of macrophage differentiation. During this study, we were able to detect a membrane-associated form of ECEF (mECEF) that behaves as an integral membrane component in U937 cells and in a subpopulation of peripheral blood monocytes. In this article, we present evidence relating mECEF expression to the ability of U937 cells to differentiate into macrophages. These findings suggest that, in addition to its pleiotropic effects on granulocyte function, ECEF plays a role in mononuclear phagocyte differentiation.
MATERIALS AND METHODS

Cells
U937 cells (a gift of Dr D. Liu, Boston, MA) were cloned and cultured in RPMI 1640 medium with 10% fetal calf serum (FCS), antibiotics, NaHCO,, in a 95% air/5% C 0 2 atmosphere, with a 96-hour doubling time: morphology and growth as described in reference 5 , and no need for conditioned medium. PMA stimulation was at 10 ng/mL, 8 x lo5 cells per milliliter, 50 mL in a 75 cm2 flask for 24 hours. PMA inhibited growth at 1 ng/mL (1.6 nmol/L) and was toxic above 10 ng/mL. Adherent cells were recovered with a P') with significantly higher mECEF expression than that of U937. U937 P+ cells respond to PMA as a differentiation stimulus more effectively than do U937 cells, with a fourfold increase in the number of differentiated macrophages (P < .OOl) and a faster rate of differentiation (a fourfold increase at t = 12 hours, P < .001), U937 P+ cells also show a 7.4-fold increase in response to suboptimal doses of PMA ( P < .001). These findings suggest that mECEF expression correlates with responsiveness to a differentiation stimulus in a histiocytic lymphoma cell line that is widely used as a model of monocyte maturation. 0 1390 by The American Society of Hematology. rubber policeman after 10 minutes' incubation in Versene with 20% FCS. There was no evidence of mycoplasma contamination in light or electron microsocpy during the 2-year period of study. Mononuclear cells and granulocytes were obtained from blood of healthy subjects by Dextran sedimentation and centrifugation on FicollHypaque. Monocytes were purified by adherence' or centrifugation on PercolL6 T cells were purifed from nonadherent mononuclear cells on nylon wool columns.'
ImmunofIuorescence Procedures
Cells (lo6) were incubated in 100 p1 of diluted ascites at O°C for 20 minutes, washed twice in cold phosphatebuffered saline (PBS)-azide/ 1% bovine serum albumin (BSA), resuspended, and incubated for 20 minutes in fluorescein isothiocyanate (FITC) antibody (100 pL, 1:40), before washing twice in PBS-azide, mounting in PBS-glycerol, and examination.
U937 cells (washed once in serum-free medium) on cytocentrifuge smears were fixed in cold 0.5% glutaraldehyde/PBS for 15 minutes, washed twice in PBS, and incubated with ascites (40 p L for 1 hour). Alternatively, they were acetone-fixed (1 minute), air-dried, and stained. Slides were washed four times in PBS, dried, and stained with FITC-antibody (40 pL, 30 minutes, 4OC). For flow cytofluorometry, cells were acetone-fixed in suspension. ' Criteria for defining fluorescence patterns including patched and capped cells were those defined in reference 8. To avoid capping, cells were routinely kept at 0°C (ice slurry bath) in PBS with 0.02% azide (PBS-azide) throughout. At room temperature without azide, a variable proportion of cells show patches and caps, increasing with time.
Living cells.
Fixed cells.
Patch and cap formation.
Flow CytofIuorometry
Living and fixed cells were analyzed in an Epics Cell Sorter (Coulter, UK), with settings calibrated so as to have 90% of the fluorescence intensity distribution of the negative controls (same cells stained by irrelevant ascites and FITC-antibody) below channel number 50 of a total of 255. Cells with individual fluorescence intensities falling between channel numbers 50 and 255 are defined as positive. As a rule, mean fluorescence intensity of a population stained by specific antibody was at least twice (but usually severalfold larger) that of the same population stained by irrelevant antibody. When living cells were analyzed, debris and dead cells were gated out after propidium iodide staining. Autofluorescence was eliminated with the use of filters of the appropriate wavelengths. Results from different experiments were only compared if comparable profiles for background fluorescence and forward angle light scatter were obtained. ECEF-specific fluorescence is obtained by subtracting background nonspecific fluorescence (irrelevant ascites) from the mean fluorescence intensity of anti-ECEF MoAb-stained cells.
Panning
MoAb 9A6G-coated cells were plated on goat anti-mouse IgGcoated Petri dishes at 4°C.10. 11 In control experiments, irrelevant MoAb-coated cells did not bind to anti-IgG+oated dishes, and 9A6G-coated cells did not bind to uncoated dishes. Bound cells were recovered by vigorous washing with cold PBS, washed in medium, cultured in 24-well clusters, and passaged into flasks at day 20.
Adherence Assays
Cells were washed twice, adjusted to 8 x 105/mL, and stimulated with PMA for variable periods. The medium with nonadherent cells was aspirated, and the adherent cells were washed, fixed in 1% formaldehyde-PBS, and Giemsa-stained. Before scoring, all flasks were thoroughly examined to make sure that adherent cells were uniformly distributed. An average of 12 random high power fields (250x magnification) per flask was counted. Adherent cells present typical macrophage morphology in all assays, indicating that complete differentiation is achieved.
Statistical Analysis
Significance of observed differences was tested by Student's t test.
Antibodies
MoAbs 9A6G (IgGl) and 81.1O.C9 (IgG2b) were derived from Balb/c mice immunized with ECEF-containing proteins of molecular weight (mol wt) 14 to 68 Kd and PI 3.5 to 5 from U937 supernatants.* Hybridomas were initially screened for inhibition of the effect of monocyte-derived ECEF on the release of 'H-labeled AA products from eosinophils, as described in reference 3. Positive (neutralizing/precipitating) MoAbs were further assayed for binding of ECEF using the enhancement of antibody-dependent eosinophil cytotoxicity to schistosomula as readout system, as described in references 1,2, and 12. Both MoAbs bind a 13 Kd and a 30 Kd acidic (PI 3 to 4), proteins that increase eosinophil adherence and cytotoxicity and have no tumor necrosis factor (TNF), interleukin-1 (IL-l), or granulocyte-macrophage colony-stimulating factor (GM-CSF) activity. MoAbs HP 20 and GSBb, used as negative controls (irrelevant ascites), are both IgGl and a gift of G. Mazza, Marseille, France. MoAb HP 20 is directed at the random copolymer, glutamic acid-alanine-tyrosine (GAT). MoAb GSBb is an anti-idiotype antibody that recognizes the binding site of some anti-GAT antibodies. Fluorescent antibodies were FITC-conjugated goat anti-mouse IgG (Pasteur, Paris, France) and goat anti-mouse IgGl (Southern Biotechnology Associates, Chicago, IL), both affinity-purified.
RESULTS
Immunocytochemical Localization of ECEF on U937 Cells
In order to study the regulation of ECEF production, anti-ECEF MoAbs were used to detect ECEF in U937 cells under various conditions of stimulation. Intracellular ECEF was localized by immunofluorescence in cells permeabilized by acetone fixation (data not shown). Of the PMAstimulated cells, 95% presented strong cytoplasmic staining. However, cytoplasmic ECEF was also detectable by flow cytofluorometry in unstimulated cells (Table 1) . Staining was of roughly equal intensity for two different MoAbs that bind to secreted ECEF in U937 supernatants. The localization of antigen to an intracellular compartment was confirmed by microscopic examination (Table l) , with a variable proportion (range of four experiments, 43.7% to 100%) of the cells stained by each MoAb. On the other hand, when living, unstimulated U937 cells were examined by flow cytofluorometry, staining by anti-ECEF MoAbs was also detected. In this case, however, staining was of consistently higher intensity with MoAb 9A6G than with MoAb 81.10.C9 (Table 1) . For personal use only. on September 24, 2017. by guest www.bloodjournal.org From
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Although most cells were positive with 9A6G, brightness of staining followed a broad distribution. The frequency of positive cells varied over a large number of experiments, with up to 30% negative cells in some assays. Surface localization of immunoreactivity was confirmed by immunofluorescence microscopy of glutaraldehyde-fixed cells ( Table 1) . Staining was observed as smooth, uniformly distributed, intermediate to strong fluorescence, and restricted to the cell surface. The proportion of 9A6G-stained cells detected by fluorescence microscopy was lower than that detected by flow cytofluorometry. Moreover, staining with MoAb 81.10.C9 was not always detectable. These differences may be due to the unequal sensitivities of the two methods.33 Further evidence for surface localization of ECEF came from antibodyinduced redistribution of antigens, since patch and cap formation (which was temperature-dependent and inhibited by sodium azide) could be induced by treatment with MoAb 9A6G followed by FITC-conjugated goat anti-mouse IgG.8 Therefore, ECEF epitopes were present in the cytoplasm and on the surface of U937 cells even before PMA stimulation.
The membrane-associated ECEF immunoreactivity on these cells will hereafter be referred to as mECEF.
mECEF Behaves as an Integral Membrane Component
ECEF epitopes may be detectable a t the cell surface as the result of binding of previously secreted ECEF to a membrane receptor, as reported for TNF." Alternatively, they may be present on an integral component of the membrane, distinct from secreted ECEF. Washing cells with a low pH buffer allows us to distinguish between these possibilities, because it dissociates receptor-bound ligands.' mECEF was not eliminated by washing cells at pH 3 ( Table 2 ). This treatment did not affect cell viability. As in the controls, fluorescence was limited to the cell surface at microscopic examination.
Expression of mECEF in Cells From Peripheral Blood
Blood cells were analyzed by fluorescence microscopy and flow cytofluorometry. Monocytes expressed mECEF (Table  3) , as shown by 70% positive cells with MoAb 9A6G. Again, reactivity with MoAb 81.10.C9 was difficult to show in viable but not in acetone-fixed cells. Adherence to a substratum acts as a signal to initiate production of IL-1 in monocyte^.'^ However, ECEF immunoreactivity was observed on monocytes purified on Percoll gradients, as well as on those purified by adherence, suggesting that adherence is not needed for mECEF expression. Platelets, granulocytes, and red blood cells were not stained. Purified T cells were not detectably stained by anti-ECEF MoAbs under the microscope. However, we could detect immunoreactivity on T cells by flow cytofluorometry (Fig 1) . Again, staining was seen with MoAb 9A6G but not with 81.10.C9.
Expression of mECEF and Diferentiation of U937 Cells
To define whether mECEF expression changes during differentiation, we examined by fluorescence microscopy U937 cells stimulated with 10 ng/mL PMA, in conditions similar to those used in demonstrating ECEF secretion by these cells. Even at this optimal dose, not all cells fully differentiate. A subpopulation consistently adheres to the plastic surface and presents typical macrophage morphology after 24 hours of stimulation. The remaining cells (range of four experiments, 36% to 61%) do not adhere, even with further culture, but show extensive membrane ruffling aggregate in suspension. Both populations shed a large number of small vesicles that remain in suspension. A similar pattern has been reported by other investigator^.'^*^^ Nonadherent For personal use only. on September 24, 2017. by guest www.bloodjournal.org From cells are unlikely to be a slowly responding subset as they do not significantly adhere at later times (data not shown). Addition of lipopolysaccharide (LPS) to PMA-stimulated cultures did not induce adherence and differentiation of nonadherent cells, although it induced ECEF secretion. Lack of adherence is not due to crowding of the growth surface, as shown by the constant finding of nonadherent cells in stimulated cultures spanning a IO-fold range of cell concentrations. In control experiments, cell-to-cell contact and diffusion of PMA did not limit the development of adherence (data not shown). This suggests that the different patterns of response are not due to PMA stimulation, but to an intrinsic heterogeneity of the responding U937 cells.
Intensity of cytoplasmic staining was increased in both adherent and nonadherent cells by 24 hours and 48 hours, relative to unstimulated controls (not shown). As seen in the microscope, mECEF expression was more intense in adherent than in nonadherent cells from the same cultures at the same time points. This was confirmed by flow cytofluorometry in four experiments, in which mECEF expression in adherent cells was 232%. 200%, 135%, and 198%, respectively, of that in nonadherent cells from the same cultures (Fig 2) , while no increase in nonspecific fluorescence (due to FcR binding of irrelevant MoAb) was seen. This suggests that mECEF expression is somehow linked to the ability of these cells to adhere. However, fluorescence-activated cell sorter (FACS) analysis of PMA-stimulated cultures is complicated by aggregation of cells, by a variable increase in nonspecific tl~orescence,~~ and by damage inflicted on adherent cells during recovery, which limits the usefulness of this approach. An alternative way to define the relationship between mECEF expression and adherence that avoids these problems is to look at the differentiation of cells differing in mECEF expression (see below).
U937 could not be distinguished on the basis of morphology or growth rates (data not shown). U937 P' did not adhere or differentiate without PMA. To confirm that panning had selected for high mECEF expression, U937 P' cells were compared at day 37 after panning with U937 cells (Fig 3) . Increased mECEF expression in U937 P' cells relative to controls was seen at day 37 and was relatively stable over a period encompassing more than 30 generations in culture (assuming a doubling time of 96 hours), as shown in Fig 4, in which the mean ECEF-specific fluorescence intensities of U937 and U937 P' cells in individual experiments done over a period of 133 days after panning are displayed. On the average, an 88% increase in ECEF-specific fluorescence was observed relative to controls (nl = 7, n2 = 19; P c .005) over the entire period of study.
Adherence and Differentiation of U937 P+ Cells in
Response to PMA
In order to see whether cells differing in mECEF expression bind to plastic to the same extent, we stimulated U937 P' and U937 cells with an optimal dose of PMA. Adherence of U937 P' cells was on the average 3.78 times larger than that of comparable numbers of U937 in three experiments (Fig S) , all significant at the P c .001 level. This suggests that cells expressing mECEF at different levels differ in their ability to adhere and differentiate in response to PMA. U937 P' cells respond more efficiently than do U937 cells to suboptimal doses of PMA. In our usual conditions, 1 ng/mL PMA does not induce significant adherence in U937 cells; adherence and differentiation were observed in U937 P' cells in four experiments, all significant at the P c .001 level (Fig  6) . This suggests that an increased sensitivity may contribute to the greater responsiveness of U937 P' cells to PMA. This was not accompanied by a lowering of the toxicity threshold Selection Of CJ937 Cells High Levels Of mECEF (data not shown). Finally, the development of adherence in Panning of U937 cells coated with MoAb 9A6G was carried out as described in Materials and Methods. A cell line was grown out of the firmly bound cells and was termed U937 P' (for panning-positive U937 cells). U937 P' and response to an optimal dose of PMA is-faster in U937 P' cells than in U937 cells. At 12 hours stimulation, the numbers of adherent cells in U937 P' cultures are already 62% of their plateau levels at 20 hours (as opposed to 38% in control U937 were stained by anti-ECEF MoAbs as seen by fluorescence microscopy. By flow cytofluorometry, purified T cells were also found to express surface ECEF epitopes, although at a level that escaped detection by microscopy. T cells secrete an eosinophil cytotoxicity-enhancing activity,I2 and anti-ECEF MoAbs react with T cell secretion products." Thus, mECEF in T cells, as in monocytes, correlates with the potential for ECEF secretion, as has been shown for membrane IL-2. 9 Membrane ECEF differs from cytoplasmic ECEF because it is more effectively detected by MoAb 9A6G than by MoAb 81.1O.C9 on all three cell types, while both MoAbs stain permeabilized cells equally well. We think the epitopes cultures). This suggests that increased sensitivity is associated with faster adherence and differentiation.
RELATIVE FLUORESCENCE INTENSITY
DISCUSSION
Anti-ECEF MoAbs strongly stained cytoplasmic proteins in acetone-permeabilized monocytes and U937 cells by 24 hours of PMA stimulation (Table 1) . Unstimulated cells were positive as well, indicating that PMA is not required to initiate ECEF production and may rather be acting to promote secretion of preformed material. Immunoreactivity was also found at the surface of monocytes and U937 cells (Table 1) . This immunoreactivity could not be explained by binding of previously secreted ECEF to a cell surface receptor because it was not eliminated by washing in a low pH buffer (Table 2) recognized by these MoAbs on the surface may not be equally accessible, either due to steric hindrance by other surface components or to the orientation of mECEF at the surface. Alternatively, mECEF may differ from secreted ECEF in relative affinity for various MoAbs. Unlike cytoplasmic ECEF, mECEF is quantitatively heterogeneous, being expressed at high levels in some U937 cells and in most monocytes, but weakly or not at all in other cells from the same cultures. This is not due to masking of ECEF sites by proteins adsorbed to the cell surface, as it resists acid treatment. Similar findings on heterogeneity of HL-60I9 and U93720 antigen expression levels and cell function have been reported, and were attributed to variation linked to the cell cycle. We could not ascribe high mECEF expression to any particular state of the cells. We provide evidence that it has functional correlates, because: (1) brightness of staining differs between adherent and nonadherent cells (Fig 2) , and (2) cells selected for high mECEF expression have an increased responsiveness to PMA (Figs 5 and 6 ).
Panning selected for cells with a large enough number of accessible mECEF sites to become firmly attached to antibody-coated surfaces at 4OC.I' Increased immunoreactivity was detected for many generations in culture, and we think it unlikely to be due to acute changes induced in the cells by the panning procedure itself. This also argues against variability in mECEF expression being solely explained by cell-cycle linked events. We did not observe any consistent changes in unstimulated U937 P+ cell function, other than increased mECEF expression. U937 P+ cells show a very effective response to optimal doses of PMA. The numbers of adherent, fully differentiated macrophages were increased fourfold in U937 P + cells relative to controls. This is noteworthy, as PMA is a very effective differentiation inducer and compares favorably with a number of other agents.20s2' This suggests that the U937 P' lineage has a higher proportion of cells capable of adhering and differentiating than does U937. Increased adherence is accompanied by increased sensitivity to PMA (Fig 6) , and by a faster development of adherence, with a high proportion of U937 P+ cells adherent at 12 hours. This suggests that cells expressing mECEF at high levels respond more effectively to PMA, and probably explains the finding of higher mECEF expression in adherent rather than in nonadherent cells (Fig 2) .
Hypotheses that fit these data can be proposed along three lines that are not mutually exclusive: (1) mECEF may be directly involved in the establishment of adherence. This is unlikely to be its only function, as T cells, which do not adhere, bear mECEF. (2) mECEF may serve as a marker for a particularly PMA-responsive subset of U937 cells. Differences between adherent and nonadherent subpopulations of U937 cells in binding of urokinase have been reported," with adherent cells binding 10 times more urokinase than do nonadherent cells. However, these differences were secondary to PMA-induced differentiation, while differences in mECEF precede PMA treatment. We also did not observe late adherence and differentiation of nonadherent cells, unlike Stoppellim et al." This may be due to differences in experimental conditions and the use of PMA doses that were rather toxic in our experiments and in those of others2' (3) mECEF may be part of a regulatory mechanism relevant to PMA-induced differentiation through an effect on protein kinase C (PKC)-dependent events.22 There is evidence that PKC is not maximally activated by optimal doses of PMA and that its activity can be further increased by agents such as retinoic acid.16 Increased mECEF may also be acting on a pathway synergistic to PKC, which would be consistent with the accelerated response and with the lower threshold observed. ECEF stimulates the release of AA and the formation of lipoxygenase products, an effect that is inhibited by anti-ECEF MoAbs. AA and some of its lipoxygenase derivatives activate PKC directlyz3 and i n d i r e~t l y .~~ AA can also replace PMA as a second signaL2' On the other hand, PMA
potentiates AA release and lipoxygenase activity in a variety of system^.'^.^^ If mECEF shares some of the properties of secreted ECEF, as suggested for membrane and secreted IL-1,30,31 it may exert an enhancing effect on PMA-triggered AA release and lipoxygenation in U937 cells. In that case, U937 P+ cells would have heightened responsiveness to PMA as a consequence of synergism between PMA and enhanced AA metabolism. For personal use only. on September 24, 2017. by guest www.bloodjournal.org From
